Progress in defining the genetics of autoimmune disease has been dramatically enhanced by large scale genetic studies. Genome-wide approaches, examining hundreds or for some diseases thousands of cases and controls, have been implemented using high throughput genotyping and appropriate algorithms to provide a wealth of data over the last decade. These studies have identified hundreds of non-HLA loci as well as further defining HLA variations that predispose to different autoimmune diseases. These studies to identify genetic risk loci are also complemented by progress in gene expression studies including definition of expression quantitative trait loci (eQTL), various alterations in chromatin structure including histone marks, DNase I sensitivity, repressed chromatin regions as well as transcript factor binding sites. Integration of this information can partially explain why particular variations can alter proclivity to autoimmune phenotypes. Despite our incomplete knowledge base with only partial definition of hereditary factors and possible functional connections, this progress has and will continue to facilitate a better understanding of critical pathways and critical changes in immunoregulation. Advances in defining and understanding functional variants potentially can lead to both novel therapeutics and personalized medicine in which therapeutic approaches are chosen based on particular molecular phenotypes and genomic alterations.
Introduction
Our understanding of which genes predispose to different autoimmune diseases has expanded rapidly over the last decade. This progress has been mostly due to genome-wide association studies (GWAS) and the development of various technical and analytic tools. However, despite this progress less than half of the heritability of most autoimmune diseases can be explained and nearly half of this identified genetic risk is due to variations within HLA. The actual functional variants that underlie statistically significant associations are with some notable exceptions are still largely unknown. In the following perspective, I will review some of the more salient advances in the field, provide examples to illustrate specific points, indicate where knowledge is sparse, and discuss the potential for future advances that I believe could further define the pathogenesis and perhaps enable application to diagnoses and therapy. More detailed aspects of the genetics for a variety of autoimmune diseases is presented by experts in the field in other sections of this special issue of the journal. A general paradigm for GWAS and sequence variant studies is shown in Fig. 1 and discussed in subsequent sections.
Heritability
Epidemiological studies of most autoimmune diseases including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), type 1 diabetes (T1D), multiple sclerosis (MS), and primary biliary cirrhosis (PBC) show that there is strong heritability. These include studies showing increased concordance in monozygotic compared to dizygotic twin as well as studies showing increased risk to siblings of proband cases compared to the general population.
Although most of these studies are not truly population based and may have biased results, there are some caveats worth noting. First, some autoimmune diseases have much higher sibling relative risk rates than other diseases (e.g. SLE [1, 2] , T1D [3] , celiac disease [4] , and PBC [5, 6] compared to others e.g. RA [2] , and MS [7] ). Second, although concordance of disease is much higher in monozygotic compared with dizygotic twins for many autoimmune diseases, the overall monozygotic concordance of disease is usually substantially less than 50% [8] . This indicates that stochastic factors including environmental variables are a strong component and although genetics can be very useful in identifying important factors in etiopathogenesis it can only partially predict phenotype. Although some specific environmental factors have been identified (e.g. smoking and rheumatoid arthritis [9, 10] ) it is also possible that most of the incomplete concordance is simply chance or indefinable events.
General considerations for identifying genetic loci for autoimmune disease susceptibility
The major advance in identifying genetic loci that predispose to autoimmune diseases has been GWAS. Although some non-major histocompatibility (HLA in humans) loci were identified prior to GWAS using linkage or candidate gene studies, and other methodologies including admixture mapping have also enabled identification of a modicum of risk loci, the exponential increase in loci (over 200 for some autoimmune diseases) has been the direct result of GWAS. The basis of GWAS is the technology enabling efficient and accurate genotyping of single base polymorphisms (SNPs) and large collaborative studies such as HapMap [11, 12] defining large numbers (hundreds of thousands) of SNPs in different populations. The success of GWAS is in large part due to practical advantage in conducting case/control design, namely the ability to recruit large numbers of cases and population controls as opposed to the difficulty in recruiting families: power for any association study is largely based on numbers. A critical aspect for these studies has been the ability to adequately control for population substructure differences using statistical methodology. Most commonly this is done by logistic regression using relevant principal components defined by principal component analyses or similar methods [13e15] . In some studies only continental population differences are accounted for, but for the most part type 2 errors (false positives) due to unrecognized stratification differences in case and control populations have been minimized. In fact, many studies have used publically available control genotypes rather than specific matched collections of controls. It is also worth noting that it may be possible to increase power (decrease Type 1 errors, false negatives) to ascertain risk variants by limiting studies to more homogenous populations and additional considerations of population substructure is discussed in subsequent sections (see sections 3.3 and 4). However, GWAS is largely applicable to those loci that fulfill the common variant (>0.05 minor allele frequency) common disease hypothesis since this methodology relies on linkage disequilibrium (LD) between the marker (SNP) detected and the actual disease causing variant(s). The commonly used genotyping platforms (Illumina and Affymetrix chip arrays) and Diagram of general scheme for genetic studies of complex autoimmune diseases. GWAS studies can greatly benefit from imputation and replication studies for loci suggested in the discovery phase. For some studies, replication is limited to those loci (genes) that are also part of pathways for genes previously identified as significantly associated with the disease. This is also proposed for sequencing studies to identify less common variants in which power issues may be partially addressed by limiting replication analyses based on prior pathway information.
clustering algorithms are also most accurate for minor allele frequencies (MAFs) > 0.05, although there have been some improvements in software to enable higher accuracy genotyping.
Another important aspect of current GWAS and other association studies is the ability to accurately impute much of the sequence difference that is not directly genotyped using current genotyping platforms. Imputation is based on sophisticated algorithms that enable under certain conditions the accurate estimation of the sequence variants between genotyped markers based on reference genomes that contain the missing information [16e19]. It relies on the shared loci (almost all of the SNPs in commonly used genotyping platforms are shared with the reference genomes) and the patterns of variation (http://www.1000genomes.org). With the completion of phase 3 of the 1000 genome sequencing study there is now sequence data for multiple populations that can be used to inform imputation(http://www.1000genomes.org/) [20] . This information can suggest candidate non-synonymous damaging variants and in others provides candidate non-coding variants that might be suggestive based on expression quantitative traits (eQTL), binding sites for transcription factors, DNase sensitivity or other features (e.g. histone marks) that have been elucidated in particular tissues or cell lines (discussed further in Section 6). Importantly, imputation methods can also be used to determine HLA classical determinants and amino acids.
Phenotype
A critical aspect for any association study is defining the phenotype of cases. Theoretically, the better the definition of phenotype the greater the likelihood that type 1 errors will be minimized since inclusion of unaffected individuals or those with a different autoimmune disease may increase heterogeneity and dilute the risk of variants for a particular phenotype. However, there may be a practical trade-off between including cases that may not have all the information (e.g. particular autoantibodies or even age of onset) that could increase the power to detect loci due to greater sample size as compared to more rigid criteria. For some autoimmune diseases particular features clearly increase the relative risk of many of the susceptibility loci. A strong example is for SLE where cases with anti-double strand (DS) DNA show substantially higher odds ratios for several lupus susceptibility alleles than those that are anti-DS DNA negative [21] . Similarly, some RA studies show stronger associations when the cases are limited to those with anti-cyclic citrullinated peptide antibodies (anti-CCP) [22] . However, in other studies when cases are limited to anti-CCP positive RA there are fewer susceptibility loci associated with disease, probably mostly due to decreased power as a function of a smaller sample size [23] . Similarly, if for example an SLE study was restricted to only those that manifested the same 4 out of 11 American College of Rheumatology criteria it is likely that many of the identified loci would have been missed due to weaker signals from decreased sample sizes.
The decision on phenotypic definition is analogous to the classic fight between the lumpers and the splitters in the definition of mammalian species [24] and was advanced many years ago with respect to the nosology of genetic disease [25] . However, for some autoimmune diseases the definition of "subtypes" may be crucial. In collaborative work by this author, the study of myasthenia gravis, it was critical to divide the disease by age-of-onset and the lack of thymomas. Here, there are major differences in which HLA genes are important in susceptibility when early onset (<45 years of age) compared to late onset (>50 years of age) are compared ( [26, 27] and Seldin, Gregersen, Hammarstrom, unpublished data). In addition, the highest risk non-HLA gene, TNIP1, observed in early onset myasthenia gravis (EOMG) [26] has no effect in late onset myasthenia gravis (LOMG) (Seldin, Gregersen, Hammarstrom, unpublished data).
As the field progresses there are likely to be more studies that examine endophenotypes including the most prominent disease manifestations, disease severity and morbidity. In SLE there is a study suggesting specific loci that predispose to nephropathy [28] . Such studies could also include those individuals that have very poor outcomes or more severe phenotypes.
The major histocompatibility complex region
With rare exception, genes in the human major histocompatibility complex (MHC), HLA, are the strongest risk genes for each autoimmune disease. Several general points are notable: 1) often there is more than one association signal from the MHC region with the second and even third signals sometimes stronger than any of the individual signals from loci outside this region; 2) recent studies suggest that most of the strongest signals are from classical HLA determinants (not from single SNPs); 3) in some studies epistasis between HLA determinants has been shown or suggested and 4) different HLA specificities are associated with different autoimmune diseases.
For most autoimmune diseases where pathology is characterized/driven by autoantibodies the strongest associations are with MHC class II genes (HLA D region antigens) (e.g. SLE, RA, T1D, and celiac disease [29e31]). For those that are not characterized by autoantibodies (e.g. ankylosing spondylitis, psoriasis, and Behcet's) most are strongly associated with class I genes (HLA-A, HLA-B and HLA-C) [32e34]. However, this is not always the case. The major exception for autoantibody associated disease is the early onset form of myasthenia gravis (EOMG), a disease characterized by antiacetylcholine receptor antibodies. Here the association is clearly much stronger with the class I HLA-B*08 than the DRB1 determinant (DRB1*03) that is in linkage disequilibrium with HLA-B*08. For diseases not characterized by autoantibodies, converse examples are the finding that a class II gene (DRB1*11) has been strongly associated with ulcerative colitis and Crohn's disease [29] . Recently specific amino acid residues in DQA1 were found to be strongly associated with idiopathic achalasia, an enigmatic disease that is now thought to be an autoimmune process [35] . In this context, it may be useful to note that there is evidence for potential role for CD8 cells (that recognize antigen in the context of class I) in other processes than cell mediated cytotoxicity: CD8 cells producing IFNg are critical to inducing class switching in B cells or helper function in particular circumstances [36, 37] .
Although the specific associations are diverse, overall, these studies are highly suggestive that specific classical determinants or specific amino acids are associated primarily with specific diseases. Thus, the predominant association for RA have the "shared epitope" in which DRB1 determinants that share particular amino acid residues in the third hypervariable region explain the strongest component of the HLA association with this disease [38] but the same amino acids are not very strongly associated with most other autoimmune diseases. In contrast to the strong RA association with the shared epitope (mostly particular DRB1*04 determinants), the strongest MS association is with DRB1*1501, SLE with DRB1*0301, and PBC with DRB1*08 [29, 39, 40] . These associations are often stronger than specific MHC SNPs associated in GWAS and studies using conditional analyses have provided additional support for these specific genes and amino acid polymorphisms for some of these diseases. The overall genetics of HLA, even for the predominant HLA association is much more complicated at least for some autoimmune diseases including T1D. Extensive studies of T1D associated haplotypes show data consistent with a complex relationships among DRB1, DQA1 and DQB1 alleles [30] . Here specific combinations show very strong susceptibility or protective effects depending both on haplotypic combinations, and particular determinants can in some cases be part of both (conferring increased odds ratios in some contexts but decreased in others).
It is further notable that the D region amino acids residues that have been implicated (e.g. specific amino acids in DRB1 in RA and ulcerative colitis, and DQA1 in achalasia) are critical for either binding antigen or the peptide exchange chaperone HLA-DM in the context of antigen binding [35, 41, 42] . These findings further suggest that unknown and elusive antigens are driving these autoimmune diseases, similar to that involved in the pathogenesis of celiac disease where specific DQ amino acids participate in binding gluten peptides [43] or microbes in the B*27 associated seronegative spondyloarthropathies such as ankylosing spondylitis and Reiter's syndrome [44e46] . Other postulates on the functional relationship of HLA class II genes have been advanced including molecular mimicry and in some studies have supported an alternative postulate that in RA the shared epitope amino acids bind and trigger signal transduction via cell surface calreticulin (CRT) an innate immune receptor [47] .
As mentioned above, multiple different MHC associations can be observed in many autoimmune diseases including many secondary loci. These include both class 1 and DPB1 determinants [40] as well as class III for some autoimmune diseases [30] . For RA, a study has attributed all MHC risk to 5 different amino acids including 3 DRB1 amino acids, and one HLA-B amino acid and one DPB1 amino acid [42] . It is also worth noting that the effect-size of the MHC associations varies greatly. For EOMG (HLA-B*08), celiac disease (DRB1*03) and ankylosing spondylitis (HLA-B28) and certain T1D haplotypes the odds ratio are >5. For most other autoimmune diseases the odds ratio is~2.0. An odds ratio >1.6 is rare for non-MHC region associations. Thus, the especially strong associations of HLA determinants suggest that recognition of particular antigens is the likely driver of the initiating event(s) in autoimmune disease.
Non-HLA susceptibility loci
Several hundred non-HLA loci have been identified that contribute to the association of one or more autoimmune diseases. Most are relatively high frequency perhaps as a reflection of the sensitivity of the methods to detect these loci (i.e. GWAS as discussed above). The vast majority of these loci are located either within or close to genes that participate in immune system response. These include genes that are components of antigen processing, presentation, recognition, differentiation, signaling and/or some form of immune-regulation including particular cytokines, interleukins or interferons. The genes are often primarily expressed in T cells, B cells or dendritic cells. Most have relatively low odds ratios (<1.2) although some have odds ratios >1.5. Most of the SNP variants that show association are non-coding SNPs, many are located between genes, and a few are in genomic regions that are devoid of genes in what is sometimes termed as gene deserts. A few such as the PTPN22 association are nonsynonymous amino acid differences (e.g. PTPN22 R620W) with functional effects [48e53]. Fine mapping, sequencing, expression studies and a modicum of functional tests have in some cases identified strong candidate variants and potential mechanisms but these are the exception. For some, even with strong associations, it is not clear whether the closest gene is necessarily the gene involved in the functional variation. A possible example of this is the association of SLE (and several other autoimmune diseases including RA) with a number of SNPs within the STAT4 gene [54] . The strongest associated SNPs are all located in an intronic region of STAT4 and thus far studies have not linked these SNPs to any function. Since STAT1 is located onlỹ 10 kb downstream from these SNPs it is certainly possible that the association is due to some regulatory function with respect to STAT1 rather than STAT4. This is a reasonable hypothesis even though the association is much weaker with STAT1, since recombination distance (not directly related to physical distance) does not obviate a possible functional link which, in this example, can still be a cis regulatory mechanism. Although Occam's razor favors that most of the associations close to or within a reasonable candidate gene are due to a functional connection to this gene, it is possible that some of the identified variants regulate genes in disparate locations (i.e. trans-regulation could account for some of the associations).
For some genes multiple haplotypes are associated with disease including specific TNFAIP3 and TNIP1 haplotypes with SLE [55, 56] . It is also possible that many associations with particular loci actually reflect multiple different functional lower frequency variants that are on the same haplotype. However, efforts to find such rare or uncommon variants within the high frequency haplotypes have thus far not proven to be generally successful and my personal viewpoint is that most of these associations are actually due to common variants, albeit not necessarily the sentinel variant identified in a GWAS study. Although fine mapping and sequencing of genomic regions is sometimes undertaken to further define the genomic variation that explain the association of common variants, much/most of the information on this variation can now probably be obtained using the imputation methods described above. The potential value of sequencing efforts or dense genotyping is further discussed in Section 3.3 and may yet be important for ascertaining rare variants that may also underlie susceptibility to autoimmune diseases.
Overlap and differences in non-HLA genetics of different autoimmune diseases
(For this section, I will confine the discussion to studies in European populations since there are substantial differences among different ancestries that will be discussed in a subsequent section.) Although some non-MHC loci appear unique or relatively unique to specific autoimmune diseases such as the SpB transcription factor for PBC [57] , in general there are many non-MHC loci that are shared between different autoimmune diseases [54, 58] . Although many of the loci overlap there may be substantial differences in effect size. For example among the genetic loci implicated for both SLE and RA are associations with STAT4 and PTPN22. However, the odds ratio is substantially higher for STAT4 in SLE than in RA [54] and the opposite appears to be the case for PTPN22 [59, 60] . PTPN22 is also a shared susceptibility gene for many autoimmune diseases. This includes a high odds ratio (>2) in T1D [48] , and lower odds ratios although still over 1.5 in several other diseases including EOMG [26] but only a minimal effect or no effect in PBC, celiac disease and MS. Interestingly, although the implicated (and in this case a nonsynonymous amino acid variant) also appears to be associated with Crohn's disease for this disease it has a protective rather than disease promoting effect [61] . There are multiple other examples of differences in apparently shared genetic loci. For EOMG the highest odds ratio for non-HLA genes is observed for TNIP1 and although this gene is also implicated in SLE the odds ratio is much smaller and there are apparently two haplotypes (rather than one in EOMG) that are implicated [26, 56] . IRF5 has a high odds ratio in SLE but moderate odds ratio in PBC [57, 62, 63] and a low odds ratio RA [58] . ITGAM is another strong (high odds ratio) SLE susceptibility locus that is not associated with RA or other autoimmune diseases (including MS, T1D, and celiac disease) except systemic sclerosis where it has only a modest effect size [64, 65] .
Often for a given autoimmune diseases when sample sizes are increased additional loci are identified that are shared with other autoimmune diseases but many of these have very marginal effect sizes and odds ratios <1. 1 . Some examples of differences for gene associated loci with relatively high odds ratios in at least one autoimmune disease but show different effects with other autoimmune diseases is depicted in Fig. 2 . Thus, for non-HLA variants there appears to be a complex pattern of gene effect sizes that is not readily discernible. Why are the odds ratios of these shared susceptibility genes so different between the different autoimmune diseases? Although some differences are due to variability/noise that can plague studies with relatively low sample sizes, it appears that many/most of these differences are real. Going forward it is important to determine how these differences relate to the interplay between the genetic risk factors and how these differential effects can alter the predisposition to different autoimmune diseases.
Epistasis between non-HLA variants and HLA
There are very few examples of epistasis between different susceptibility variants in any autoimmune disease. Perhaps the strongest examples are those between the non-HLA susceptibility gene ERAP1 and HLA in three diseases: ankylosing spondylitis (HLA-B*27) [66] ; psoriasis (HLA-C*06) [67] , and Behcet's disease (HLA-B*51) [68] . ERAP1 codes an aminopeptidase that functions to trim peptides for loading onto MHC class I determinants [69] . For these diseases the ERAP1 variants are only important in the context of these particular HLA determinants and ERAP1 variants have little or no effect in those patients that do not have these HLA determinants. Interestingly, while the same ERAP1 variants show the same effect in ankylosing spondylitis and psoriasis, the opposite effect in seen in Behcet's disease (c) suggesting that different requirements for the ERAP1 endoplasmic reticulum processing of the specific protein antigens that are part of triggering the immune responses that are critical to pathogenesis of these diseases.
Rare/uncommon variants
Only a small number of rare (minor allele frequency <0.01%) or uncommon (<0.05%) variants have been identified for common complex autoimmune diseases. Some of those identified for common complex autoimmune disease have been based on examining candidate genes that were known to be causal for rare Mendelian diseases with features of autoimmunity. This includes TREX1 that causes autoimmune polyglandular syndrome type 1 [70] . For this gene, rare variants with high effect size has been identified in studies of SLE [71, 72] . A modicum of other rare variants have been identified for autoimmune diseases based on either inclusion in the IMMUNOCHIP array (dense SNP variants for regions based mostly on genes identified by GWAS) including several for celiac disease [73] . However, in general these studies have been hampered by limited database of known variants (early versions of 1000 genome and other sequence information) and it is possible that more success will be realized in the near future for autoimmune diseases. Recent success identifying rare variants using exon chips has been reported for type 2 diabetes, a common non-autoimmune disease [74, 75] and there are multiple ongoing studies using exon chips to try to uncover rare/uncommon variants in autoimmune diseases. A limited number of studies have also examined specific immune system genes by sequencing and some larger studies have used pooling approaches to look for whole exome variants. These and a single study that included a systematic sequencing of >800 immune related genes in psoriasis cases and controls have thus far met with limited success [76] .
The overall status of efforts to identify rare variants in autoimmune disease has recently been reviewed [77] . As pointed out by these authors it is too early to make conclusions as to the role of rare variants. Systematic sequencing of exomes is limited and whole genome sequencing of large numbers of cases for specific autoimmune disease is just now on the horizon. Part of the difficulty in these studies is that the power to detect statistically significant associations for rare variants requires either prodigiously large numbers of samples (100s of thousands) or some method to limit the variants under consideration (i.e. those more likely to be functional) and/or applying some type of burden or collapsing algorithm to examine composite effects of multiple rare variants together. The numerous methods and algorithms for these analyses include several software packages that include different types of burden and collapsing tests (Variable Threshold, Madson Browning, KBAC, SKAT, SKAT0, VAAST) that use different algorithms to group together sequence variants to test for evidence of association [78e83]. Some of these methods have been assimilated in a variety of software packages many of which enable incorporation of Fig. 2 . Comparison of effect size for gene associated SNPs in multiple different autoimmune diseases. Disease abbreviations that are not clear from the main text include: asthma (ASTH), Crohn's disease (CRD), celiac disease (CEL) and psoriasis (PSOR). Asthma is included for comparison of autoimmune conditions with another immunologically mediated disease. The approximate odds ratios (ORs) are indicated by the color code legend and for each the OR is indicated in the positive direction (regardless of minor allele frequency). Horizontal or vertical lines are shown over the color coded ORs when the opposite SNP/haplotype is associated with different diseases (e.g. for the IKZF3 etc. in which the asthma association is clearly the opposite of those for PBC and SLE. The ORs are derived from studies of European ancestry subject sets and are preferentially chosen from larger studies or meta-analyses [26,48,54,56,57,59e61,94,142,148,163e173 ]. For some of the genes for which the legend key indicates no association or not known (NA or NK) there may be limited data that suggests possible association that does not meet the standard criterion (p < 5 Â 10 À8 ). Where different SNPs show disparate ORs the association the highest OR is shown. The gene list was selected based on inclusion of most genes with at least moderate ORs (OR > 1.1) in at least one of the autoimmune diseases and is in part biased to emphasize the differences in effect sizes. IKZF3 etc represents a gene cluster that includes IKZF3, ORMDL3, ZPBP2, and GSDMB. CD58 etc. represents a gene cluster including CD58, CD2, and IGSF2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) covariates including population substructure (http://varianttools. sourceforge.net/, http://csg.sph.umich.edu/kang/epacts/). Recent simulation studies suggest that SKAT0 and a generalized version of the C-alpha test may be more powerful than the other methods [84] . For exonic variants, algorithms such as SIFT, Polyphen and MutationTaster are popularly used to identify more likely causal variants and other algorithms use sequence conservation [85e87]. However, these are imperfect and some known causal variants for at least Mendelian diseases would be missed by these approaches. Compilations of functional and potentially functional coding variants can be found using different software [e.g. Annovar (http:// annovar.openbioinformatics.org/en/latest/) [88] ] and Ensemble (http://uswest.ensembl.org/Homo_sapiens/Info/Index)] [89] .
For non-coding variation the situation is even more difficult although there are several search engines to look for critical variations in regulatory sequences including micro-RNAs, transcription binding sites, DNase1 hypersensitivity and expression quantitative trait loci (eQTL) [88e92]. (These issues are discussed further in Section 6.)
Ancestry makes a difference
There are substantial differences in the loci defined for autoimmune diseases in disparate population groups. These differences are most apparent comparing results from one continental population to another continental population. The largest amount available data are from studies of European populations and East Asian populations [93e96]. The differences are partially explained by the frequency of particular variants in these different populations. Thus, the PTPN22 R602W variation that appears to account for most of the association of this gene with multiple different autoimmune diseases in European populations is virtually absent in other ethnicities including East Asian population groups [97, 98] . A converse example is the strong association of PADI4 with RA in East Asian populations that apparently plays a much smaller role in European populations consistent with the near absence of the strongest associated SNPs [94, 99] . Examples showing comparisons of associations and odds ratios in European, Japanese and Chinese RA cohorts are shown in Fig. 3 .
It should also be noted that when the frequency of an allelic variant is substantially lower in one population group, that even if the odds ratios are in reality similar, the sample sizes might need to be very large to detect statistically significant association for this population group. Thus, there is an association of PADI4 and RA in European derived populations when the sample size is very large. However, the odds ratios are small (OR ¼~1.1) compared to that observed in Japanese RA (1.36) and is apparently due to the absence of the more strongly associated haplotype [94, 99] .
There are also differences within continents. For example, the common variants of PADI4 that are associated with RA in Japanese are not associated in Chinese cohorts [96] . Within Europe there is a substantial difference in frequency in the afore-noted PTPN22 variant with a notable difference between northern and southern population groups: highest frequency in Finland (0.155) [100] and lowest in Italy (0.021) [48] . This emphasizes the importance of controlling for population substructure and using CochraneManteleHaenszell corrections to account for the differences in allele frequencies when meta-analyses are performed in disparate population groups (reviewed in Ref. [15] ).
It is also worth briefly noting that the striking geographic distribution of PTPN22 suggests that it may have been under natural selection. In fact, other evidence suggests this is the case and suggest that many of the genes associated with SLE have natural selection signals [101] . Other autoimmune susceptibility genes also show evidence for natural selection. In celiac disease a non-synonymous variant in SH2B3 that shows a strong signal for positive selection in Europe and suggestive data that it might trace to the Justinan plague in the Eastern Roman Empire 541-542 AD [102] . Thus, some of the proclivity to autoimmunity may be the flip side of variants that are advantageous in the context of particular infectious agents and in part may underlie a portion of the differences in susceptibility gene variant frequencies between different population groups.
A difficulty in comparing studies in different ancestries is that for most susceptibility loci the actual causal variants are not known. Differences between populations can be the result of different haplotype structure rather than the absence or lack of effect of a particular causal variant (if unknown) or alternatively different causal variants of the same gene in different population groups. This is particularly a problem when candidate polymorphisms are selected based on a different population group. It can be addressed, at least with respect to common variant hypothesis, if sufficient SNPs marking any common haplotype in the study population are included in the analyses. Some have advocated studying multiple populations to enable finer mapping of causal variants. However, this pre-supposes that the same causal variants are operative in different population groups. Meta-analyses using trans-ethnic population samples have uncovered some novel variants in for example RA [94] , presumably due to increased sample sizes but this does not negate the observation of differences in the strength of association in different population groups.
It is worth emphasizing that differences in disease phenotypes are also associated with ancestry. There are examples of both differences in the frequency of a particular autoimmune disease as well as differences in detected susceptibility associated variants. While some differences in disease frequency may be due to differences in environmental factors including presumed exposure to different infectious agents others are clearly due to genetics. One of the best examples is the low frequency of T1D in Native American population groups that has been attributed to the near absence of particular HLA determinants. More recently, in mixed population groups such as in the United States, ancestry informative markers RA  RA  RA  RA  RA  SLE  SLE  SLE  SLE  SLE  SLE  PBC  PBC  PBC  PBC  PBC  PBC   CCR6  DPP4  PADI4  PTPN22  TRAF1/C5  ETS1  HIP1  IKZF1  IRF5  STAT4  TNFAIP3  IKZF3 etc  IL12RB2 IRF5 PDGFB POU2AF1 TNFSF15 Fig. 3 . Comparison of effect sizes for gene polymorphsims in three different population groups in three different autoimmune diseases. The approximate odds ratios (ORs) are indicated by the color code legend and for each the OR is indicated in the positive direction (regardless of minor allele frequency). The ORs were preferentially chosen from larger studies or meta-analyses ( [57,94,96,98,99,148,170,171,174e179] . The genes selected were chosen on the bases of showing an OR of >1.3 in at least one of the populations chosen. For some of the genes for which the legend key indicates no association or not known (NA or NK) there may be limited data that suggests possible association that does not meet the standard genome-wide criteria for statistical significance. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (AIMs) or sufficient numbers of unselected independent markers (low intermarker LD) have been used to examine ancestry relationships between and within continents as well as admixture and autoimmune disease. Evidence for increased frequency of SLE has been associated with both West African ancestry and Native American ancestry [103e105] . Several studies of SLE have used this approach to examine whether endophenotypes of this disease are more likely to be associated with particular ancestry [106e109]. Some of these studies suggest substantial differences based on ancestry that cannot be accounted for by environmental covariates, albeit these covariates are imperfectly measured. Future studies may define the underlying variations that presumably can explain why particular ancestries predispose to particular disease manifestations (e.g. mucocutaneous manifestations were higher in northern compared with southern European ancestry and the opposite was found for anti-ds DNA in SLE) [106, 107] .
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Missing heritability
For most autoimmune diseases, estimates suggest that over 50% of the genetic loci contributing to heritability are not yet elucidated. Many explanations that are not mutually exclusive are possible to account for this missing heritability including: 1) very large numbers of common low risk variants that can only be defined with huge numbers of cases and controls (e.g. sample sizes >>100,000); 2) large numbers of rare variants that have not been detected due to insufficient sequencing, sample size and appropriate models; 3) copy number repeats and/or small insertions or deletions that have not been adequately examined; 4) better definition of disease phenotypes (i.e. reduce disease heterogeneity) is necessary to better identify loci; 5) epistasis between two or more loci that may be difficult to ascertain; and 6) epistasis between different environmental factors and genetic loci (that can only be identified in the context of the environmental factors). As large scale sequencing becomes increasingly practical and perhaps applied systematically to large populations many of these issues should be addressable. In addition, some studies have suggested that a sequence driven search might identify additional genetic factors. This approach, PheWas [110] relies on looking at medical records and laboratory studies to see if particular variants are associated with any of the phenotypes. For example if there is a large database of sequence available it is possible that particular variants might be associated with a specific autoantibody. It is doubtful that ICD codes that are generally used in such efforts would be sufficiently informative to detect many novel associations although the method has shown some promise [110, 111] . Alternatively, it might be possible to selectively study individuals who have sequence variants that are predicted to have a strong functional effect.
Towards functional studies: coding variants, gene expression, and epigenetics
Relatively few non-synonymous variants have been identified in non-MHC genetic loci contributing to the susceptibility to autoimmune diseases. These include PTPN22, TNIP1, ITGAM, and SH2B3 [26, 48, 59, 102, 112] . Although Koch's postulates cannot be tested, for some variants there is compelling evidence that the variant changes a functional aspect(s) of the immune response. For PTPN22 the R620W variant has been extensively studied and clearly has a major effect on increasing T cell and B cell expansion, dendritic cell hyper-responsiveness and B cell activation on engagement of the antigen receptor [49e53]. However, even here there is still substantial uncertainty with regards the actual mechanism although a gain of function appears to be most likely and there is evidence that the effect is likely to be on peripheral negative selection of T cells and an independent effect on B cells [113, 114] .
Most of the confirmed loci that contribute to the genetics of autoimmune disease are non-coding. To connect these to actual mechanisms is difficult and requires extensive circumstantial evidence. In contrast to Mendelian developmental defects that are usually coding, and where model organisms can frequently be used to easily provide evidence for functional defects, defining the physiologic role for non-coding variants in a complex disease may require multiple lines of evidence. As an initial step, many studies have examined gene expression and aspects of changes in DNA (methylation, histone marks) in various cell types. These studies can be either gene specific or genome-wide, and in general include: 1) studies comparing cells from cases compared to controls; 2) normal cells or tissues comparing those with a particular variant(s) to those without. Public databases can provide a valuable tool as will be discussed below.
Genome-wide expression studies have been performed in a variety of cells and tissues. Several approaches are possible. Many studies have used unseparated peripheral blood mononuclear studies may be difficult to interpret even when differential white blood cell counts are used in efforts to adjust based on cell type. Although some findings such as the type 1 (alpha) interferon signal in SLE (comparing cases with controls) are robust [115e119], it is likely that determining most of the functional variations will require finer examination of particular cell types and perhaps in the context of particular activating stimulation. Other studies have examined sorted cell populations and although these may be partially affected by cell separation procedures they are more likely to provide relevant information. For RA, synovial cells have also been studied [120e123], but for most diseases it is difficult to study regional lymphoid or parenchymal tissue that might enrich for particularly relevant subsets of cells.
There are also methodological issues that lead to substantial difficulty in obtaining accurate scans of gene expression. The use of chip gene arrays is likely to be replaced by RNA sequencing studies that may also have the potential to ascertain differences in splice form variants [124, 125] and preferential allele expression when coupled with genomic sequence. Nevertheless, many of these studies have provided some clues to the pathways that are involved in the pathogenesis of individual autoimmune diseases. However, connecting the patterns of gene expression differences to the constellation of genetic factors that are defined by association studies (i.e. hereditary factors) is a critical step that may be hard to bridge.
One of the bridging approaches to look at the functional significance of sequence variants is to utilize eQTL. A number of studies have performed quantitative tests in cells or cell lines derived from different tissues to find polymorphisms (usually SNPs) that are associated with measurements of expression (eQTL). Other studies have examined methylation, DNase1 hypersensitivity and various histone modifications. These studies as well as eQTL can potentially identify specific variants that include those that are also identified by various association studies (GWAS or rare variant analyses) or are in strong linkage disequilibrium with these variants. Clues are often available in silico from public data bases of the larger projects, most notably the integrated encyclopedia of DNA elements in the human genome (Encode) project [126] and compilations of eQTL data. The Encyclopedia of DNA elements (Encode) data compiled and available via the UCSC Genome Browser provide data from multiple different cell lines and a number of tissues. This data provides Dnase sensitivity, information from sequences derived from chromatin immunoprecipitation (ChIP-seq), histone marks and transcription binding sites from a number of cell lines and tissues. A caveat for this approach is that for some genetic variants the right cell population at the right activation state may not be represented in the Encode or other available studies. Thus although this is a good starting point it may have both false negatives and even false positives.
Other tools also include Genevar that can be used to evaluate the measured effect of variants on DNA methylation (http://www. sanger.ac.uk/resources/software/genevar/) [127, 128] and eQTLs (http://www.bios.unc.edu/research/genomic_software/seeQTL/) [129] . The University of Chicago eQTL browser (http://eqtl. uchicago.edu/cgi-bin/gbrowse/eqtl/) also provides another tool to identify expression quantitative trait loci (eQTLs) amongst candidate variants. It is worth noting that a good method for searching eQTL, and transcription factor binding sites including the Encode data is the RegulomeDB [90] .
Other potentially useful approaches to finding putative important non-coding variations include searching for conserved motifs (e.g. SinBaD [92] ) and using software that can ascertain whether variants affect splicing (e.g. Ensemble [89] ). In addition, another resource, PolymiRTS [91] , can be used to predict if 3 0 UTR variants are or are likely to alter micro-RNA (miR) target sites that may also be important in regulating genes or whether miR themselves have variants. Variants in other non-coding RNAs including long noncoding RNAs (lncRNAs) are also possible functional candidates as has been recently discussed [130, 131] .
It is also worth commenting that a recent study has developed and used a fine-mapping algorithm, Probabilistic Identification of Causal SNPs (PICs) to identify candidate functional variants at risk loci for autoimmune diseases (http://www.broadinstitute.org/ pubs/finemapping/?q¼pics) [132] . Together with data from mapping RNA and chromatin in both resting and stimulated CD4(þ) Tcells, regulatory T cells, CD8(þ) T cells, B cells, and monocytes this study provided data to suggest that most putative causal variants (~60%) map to immune-cell enhancers. However, only 10e20% directly altered recognizable TF binding motifs. Thus, much work remains to further understand the regulatory mechanisms. This reviewer would caution that although the PICs algorithm is useful especially in the context of meta-analyses, when primary data is available the use of conditional analyses can be extremely valuable in evaluating the potential importance of particular SNPs in accounting for association signals.
Another approach to further defining function is the use of animal models and in particular those in the mouse. Many studies have used mouse knockouts to help understand what genes do. This has evolved to using other manipulations in which specific base pairs are changed to study a particular variant (knockin mice). A mouse homologue of the PTPN22 with a variant analogous to R620W variant (PEP R619W) has shown immune cell differences with respect to T cell expansion and transitional, germinal center, and age-related B cell expansion [113] . These mice developed autoantibodies and features of systemic autoimmunity. In addition the defective B cell selection and B lineageerestricted variant expression and was sufficient to promote autoimmunity. However, for studying human gene interactions the differences between mouse and human genes may make such knockin studies difficult or impossible for some/many variants. Evolving methods to introduce human genes more efficiently into mouse stem cells could in the future enable more physiologic studies of putative human functional variants. Mice with the entire human immunoglobulin gene region have been generated [133] and introduction of multiple human genes in a particular pathway is not beyond the realm of feasibility. Of course such manipulations would have to include specific variants of these genes to mimic conditions similar to those in humans with particular autoimmune diseases. In addition, it is not clear that appropriate stimuli could be used to initiate a particular autoimmune phenotype that could depend on some specific antigenic challenge.
Finally, it should also be noted that there are also epigenetic changes and RNA editing variations that are not due to hereditary factors that may be important in the immunopathogenesis of some autoimmune diseases. Studies of identical twins concordant or discordant for particular autoimmune disease may help identify some of these non-hereditary changes that are part of the immunopathegenesis of autoimmune disease. RNA sequencing studies have the potential to define RNA editing variations but this may depend on identifying the right cell subtype in which critical (phenotype altering) somatic variations have occurred.
Pathways
A variety of databases can be queried to ascertain whether loci identified for an autoimmune disease are likely by some statistical measure to be members of particular biologic pathways.
In general, these approaches use independent signals (no LD) from association results, often from meta-analyses, to query membership in gene sets from a variety of databases often including BioCarta (http://www.biocarta.com/genes/index.asp), KEGG [134] , Pathway Interaction Database (PID) (http://pid.nci.nih. gov/userguide/introduction.shtml), Gene Ontology [135] and Reactome [136] . An example would be using the MSigDB (http:// www.broadinstitute.org/gsea/msigdb/index.jsp) curation of some of these gene sets. A subsequent step uses a program (examples include using the i-GSEA4GWAS web server [137] ) to assess statistical significance. Different software including Paris [138, 139] , and Inrich [140] can be used to identified genes within some distance of the independent signals (e.g. 20 kb of the SNP or a border defined by a 2 log fall off from the peak association) and represent each gene by the strongest association. The gene sets ("pathway categories") can then assessed for enrichment of signals using a permutation procedure that can also correct for bias from variations in gene size and gene set size. Often, a false discovery rate (FDR) is used to correct for multiple testing based on the distributions of enrichment scores generated by the permutations. Sometimes, the concordance of results between different methods is used as another way of filtering "significant" results. For autoimmune diseases, these studies are usually performed with and without the HLA signal to determine whether the pathways are dependent on HLA, since HLA is part of numerous gene pathways. A study of MS used a protein interaction data base to limit pathway analyses to only gene sets with evidence of physical interaction using a protein-interaction-network-based pathway analysis [141] , although it is not clear if this approach is substantially better than those described above.
Such studies have been performed in many autoimmune diseases and including RA [142e144], SLE [144] , MS [141] , T1D [145] , Celiac [146] , PBC [147, 148] and Crohn's disease [149] . These and other studies have highlighted particular pathways of which, not surprisingly, many are shared among different autoimmune diseases. Several of these studies have led to finding additional susceptibility loci by focusing additional genotyping on candidate genes which failed to reach statistical significance in previous studies but were "overrepresented" in pathways.
A caveat of these studies is of course that it is unknown how well the gene sets actually correspond to physiologic pathways. The improved curating and knowledge of these gene sets is ongoing that should facilitate these analyses. Future considerations might include ways of categorizing specific components of these pathways that currently are not distinguished including whether there is up or down regulation/signaling predicted for the different variants and perhaps further the ability to define diseases based on systems biology approaches.
Implications for diagnosis and therapy
Theoretically, genetic risk factors can distinguish who is at high risk for a particular autoimmune disease. Studies of several diseases including RA, MS and PBC have used various genetic risk models to ask whether the combination of loci defined by GWAS studies can identify individuals at high risk for MS, RA, and PBC [150e152]. These studies have shown some promise, however, it is clear that our current state of knowledge of the genetics for most of these autoimmune diseases is still insufficient to meaningfully assist in diagnostic criteria. Furthermore, it is not clear whether incomplete penetrance will severely limit the usefulness of applying genetic information for complex diseases as opposed to Mendelian disorders. It is also possible that the genetic information could meaningfully complement other diagnostic information including serology, gene expression profiles and perhaps environmental risk factors. Theoretically, such information might also assist in determining who is more likely to have disease progression.
Another arena that will clearly receive more attention is studies to evaluate whether particular therapeutic agents are more likely to be effective in the context of different arrays of risk alleles. For SLE several directed studies and a GWAS have examined whether genotypes could in retrospective analyses account for responders or non-responders to TNF blockade. Although several loci have been suggested by such studies, none have replicated across studies where examined and at this time none have been confirmed [153e158]. Sample size issues have limited the power of such studies. Other efforts (e.g. in RA and PBC) have suggested using gene pathway information to identify potential therapeutic agents for autoimmune disease [94, 148] .
The identification of more risk loci and definition of actual causal variants together with the anticipated large scale implementation of individual sequencing and integration with medical records may enable the large amount of data necessary for evaluating whether more optimal therapeutic decisions can be developed based on genetics. However, actionable genetics for complex diseases such as most autoimmune disease is not yet on the horizon as compared with the beginning of implementation of such decisions for pediatric Mendelian conditions [159e162].
Final comments: what to make of it all
Some in the scientific community have questioned whether the myriad of loci identified in GWAS studies has been useful. While GWAS has not solved the problem of what causes autoimmunity it is my contention that it has had an important impact on the field and the identification of these loci will continue to be one of the major drivers in furthering our understanding of what causes these phenotypes. Like most investigative results, more questions are raised from these studies. What are the real functional variants? How do they really alter responses? In which cell populations and at what stage do the genetic variations matter? Why do some variants have a much larger impact in one autoimmune disease than another? These will not be easily solvable but as reviewed here, there is definite progress.
The extensive variation in the human genome has partly been shaped by natural selection including many variants that are theorized to have favored survival to various infections. In depth studies that define functional variation of the loci that predispose to or accelerate autoimmunity may also further our understanding of immune responses to infectious agents. Likewise, ongoing studies directed at defining host responses to infectious agents may also provide needed clues for further unraveling the enigmatic autoimmune diseases.
As discussed in this perspective, the increased understanding of the genetics of autoimmune disease may have an impact in early diagnoses and/or in a decision making tree for therapeutic intervention. At the least, our increased knowledge of the dictionary of relevant gene variations and pathways should focus functional studies. These may also lead to the development of novel therapeutics. Ongoing functional studies will undoubtedly, although perhaps slowly, increase our knowledge of not only pathogenesis but normal biology and immunoregulation.
